Although lithium tetraborate, Li 2 B 4 O 7 , is both a pyroelectric and a dielectric, 1 along the (001) direction conductivity appears dominated by Li þ transport. [2] [3] [4] Investigations of the temperature dependence of conductivity have shown that the conductivity along the polar tetragonal c axis is much higher than along the orthogonal directions, perhaps by as much as five orders of magnitude. [4] [5] [6] The pyroelectric oxide lithium tetraborate, (space group I4 1 cd), is a complex tetragonal crystal with 104 atoms per unit cell, 4, [7] [8] [9] [10] [11] as illustrated in the inset of Fig. 1 . Recent investigations show that manganese atoms likely substitute at the boron sites, but occupation of the lithium sites remains possible. 12 In the former (B) sites, the local bonds are severely strained and in the latter (Li) case, the data would support a picture that involves large charge redistribution. Mn-100%), were grown from the melt by the Czochralski technique as described elsewhere. 12, [22] [23] [24] In the growth process of the Li 2 B 4 O 7 :Mn single crystals, we used Angle-resolved photoemission spectra were obtained using plane polarized synchrotron light dispersed by a 3 m toroidal grating monochromator, 25, 26 at the Center for Advanced Microstructures and Devices (CAMD). 27 The measurements were made in an ultra-high vacuum (UHV) chamber employing a hemispherical electron analyzer with an angular acceptance of 61 , as described elsewhere. 25, 26 The combined resolution of the electron energy analyzer and monochromator is 150 meV for the photon energy of 110 eV.
The photoemission experiments were undertaken with a light incidence angle of 45 with respect to the surface normal, unless stated otherwise. The photoelectrons were collected at emission angles as stated with respect to the surface normal throughout. The sample was sputtered using an Argon beam for 15 min at a voltage of 2.0 kV and annealed to remove surface contaminants prior to the measurements.
The spectra are aligned to the valence band maximum, and all binding energies reported here are relative to that valence band maximum. To determine the extent of charging, the valence band maximum has been referenced to the Fermi level established relative to a gold foil in contact with the sample. The measurements at elevated temperature of 350 C were used as a reference, where little or no photovoltaic charging was observed in these or other samples. 
C but reappears upon cooling the sample back to 25 C. Local strain is certainly expected with Mn doping at both the boron and lithium sites, 12 and surface segregation would provide a mechanism for strain relief. 28 This strain relief would diminish significantly at temperatures above 400 K, due to lattice expansion. 4 The valence band of the Li 1.95 Mn 0.05 B 4 O 7 (001), after correcting for charging, is seen to vary with temperature, as shown in Figure 1 . Although Mn segregation to the surface is implicated, the spectral features of the valence band region are roughly 2 eV greater binding energies than the similar features observed for the manganites 29 and at least 1 eV greater than observed for MnO. 30 This greater binding energy is not easily attributed to a surface to bulk core level shift as the valence band features do appear at higher binding energies than observed for MnO films on Ag(100). 30 Likely, the valence band features are dominated at low temperatures by a surface Mn in a very high oxidation state, while at higher temperatures, the valence band spectrum is likely more representative of Li 2 B 4 O 7 (001).
The assumption that the surface is dominated by manganese in a very high oxidation state is difficult to reconcile with the superficial assignment of the Mn 3p binding energy to 47. result of manganese reduction, or an increase in screening in the photoemission final state as a result of increased coordination or better surface conductivity at higher temperatures. Several factors need to be considered, however. Here, the binding energies are with respect to the valence band maximum, not the Fermi level, because of the uncertainties in the assignments of the Fermi level in the presence of significant surface charging. This means that the binding energies are higher than are apparent. While the Li 1s core level binding energy (Figure 2 ) is close to the value of 55.7 eV reported for Li 2 B 4 O 7 , 31 values measured against an established Fermi level, at elevated temperatures where the surface charging is suppressed, are higher at 56.5 6 0.4 eV, 32 indicating that assigning the binding energies with respect to the Fermi level (adding roughly 3 eV to the binding energies reported here) means that a heavily oxidized Li and Mn surface species is now much more likely. An increase in Mn K edge absorption energy reported, 12 consistent with the 9.8 eV band gap of Li 2 B 4 O 7 , is also indicative of an oxide and Mn within an oxygen coordination sphere, not a metallic Mn inclusion.
The driving force for segregation might not simply be strain relief along the Li 2 B 4 O 7 (001) direction. Li 2 B 4 O 7 (001) exhibits strong pyroelectric properties, 33 and both Li þ and Mn 2þ compensation of the pyroelectric surface charge is possible, but in fact Mn segregation occurs on both heating and cooling the crystal, and is rather present below 400 K. Thus, surface charge compensation cannot be the dominant mechanism driving surface segregation.
As seen in Figure 3 , the surface photovoltaic charging is nearly completely suppressed by 120 C. The decrease in surface photovoltaic charging saturates at a temperature far less than the 345 C annealing temperature needed to suppress surface charging for the undoped lithium tetraborate.
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The temperature required for complete suppression of surface photovoltaic charging remains at a somewhat more elevated temperature than the equivalently doped Li 2 B 4 O 7 : Cu, 34 as illustrated in Figure 3 . We need to bear in mind that for the Cu doped Li 2 B 4 O 7 , the dopant atoms not only lead to Cu þ (3d 10 ) and Cu 2þ (3d 9 ) ions substituting for lithium but also Cu þ ions at interstitial sites, 35 while Mn can adopt an extremely high oxidation state unlike copper and lithium. On the other hand, for Li 2 B 4 O 7 :Mn, the Mn dopants tend to favor the boron substitutional sites, 12 thus, ion conduction by Mn may be suppressed in comparison to ion conduction by Cu. Yet conductivity along the polar tetragonal (001) c axis is much higher than along the orthogonal (100) direction, 4-6 so a comparison of the surface charging for the two dopants is fraught with difficulty until studies over a range of doping and crystallographic orientations are obtained.
What is clear though is that Mn doping does enhance conductivity over the undoped samples, and this is consistent with facile diffusion of Mn along some channel to and from the surface with changing temperatures. In fact, these results are consistent in the discontinuity in dielectric function reported previously for Li 2 B 4 O 7 :Mn, 21 in the region of 500 K, at temperatures lower than the discontinuity observed for the undoped lithium tetraborate along the c-axis. 4 Overall, the data indicate that Mn segregates to the surface of Li 1.95 Mn 0.05 B 4 O 7 (001) at low temperatures (at or below 115 C, at least), and that the bulk solubility increases with increasing temperature. This leads to a strong diminution of Mn segregation at elevated temperatures, but Mn segregation is re-established upon quenching the sample temperature back to room temperature (Figure 2 ). This work was supported by the Defense Threat Reduction Agency (Grant Nos. HDTRA1-07-1-0008 and BRBAA08-I-2-0128), the NSF through the "QSPINS" MRSEC (DMR-0820521) at UNL, and STCU Project 4947. The views expressed in this article are those of the authors and do not reflect the official policy or position of the Air Force, Department of Defense or the U.S. Government. The authors are grateful to Natalia Lozova and Jim Petrosky for their technical assistance and advice.
